Abstract Enhanced utilization of ecological processes for food and feed production as part of the notion of ecological intensification starts from location-specific knowledge of production constraints. A diagnostic systems approach which combined socialeconomic and production ecological methods at farm and field level was developed and applied to diagnose extent and causes of the perceived low productivity of maize-based smallholder systems in two communities of the Costa Chica in South West Mexico. Socialeconomic and production ecological surveys were applied and complemented with model-based calculations. The results demonstrated that current nutrient management of crops has promoted nutrition imbalances, resulting in K-and, less surprisingly N-limited production conditions, reflected in low yields of the major crops maize and roselle and low resource use efficiencies. Production on moderate to steep slopes was estimated to result in considerable losses of soil and organic matter. Poor crop production, lack of specific animal fodder production systems and strong dependence on animal grazing within communal areas limited recycling of nutrients through manure. In combination with low prices for the roselle cash crop, farmers are caught in a vicious cycle of cash shortage and resource decline. The production ecological findings complemented farmers opinions by providing more insight in background and extent of livelihood constraints. Changing fertilizer subsidies and rethinking animal fodder production as well as use of communal lands requires targeting both formal and informal governance structures. The methodology has broader applicability in smallholder systems in view of its low demand on capital intensive resources.
Introduction
The majority of farmers in Central America are smallholders who produce on small plots of land, often in marginal environments (Altieri 2002) . These regions with high agroecological variability tend to be complex and diverse. Farming systems are centered around maize, which has a key role both culturally and nutritionally. Depending on the level of production, farmers produce for local markets or focus on selfsufficiency. Rural development policies have generally emphasized external inputs as a means to maintain and increase food production, as witnessed by the increase in global use of pesticides, inorganic fertilizer, animal feedstuffs, and machinery since the 1960s. The external inputs substituted natural processes and rendered resources more vulnerable to degradation (Pretty 1997; IAASTD 2009 ). It has become clear that in order to conserve or restore the natural resource base, rebalancing of inputs and ecosystem processes is needed. In addition to concerns about resource management, smallholders are faced with social-economic developments, such as loss of economic viability of small to medium scale farms due to increasing vertical integration of production and processing, more stringent food quality and safety requirements and increasing costs of production inputs, and the steady exodus from rural to urban areas (Safley 1998) .
The Costa Chica region in Mexico is among the poorest in the country, severely lagging behind in education, housing quality and employment, as indicated by a high marginalization index value (Consejo Nacional de Poblacion 2006). In the municipality of Tecoanana farming on moderate to steep slopes constitutes the major source of livelihood with over 66% of the population involved in primary agriculture. Maize (Zea mays L.) is the major staple crop, often grown for subsistence. Roselle (Hibiscus sabdariffa L.) is grown as a cash crop, often intercropped with maize. Nitrogen (N) and phosporus (P) fertilizers are subsidized as part of government subsidy packages and have largely replaced fallowing as a means to restore soil fertility. Population increases cause pressure on land and contribute to intensification of crop production. Widespread use of herbicides, largely without technical advice, has replaced manual weeding and soil tillage. Despite these external inputs, maize yields are low and are perceived not to increase. Ecological intensification is an approach aimed at exploring alternative farming systems by means of integrating ecological processes in the crop and soil management (Cassman 1999; CIRAD 2010) . In this approach intelligent management of ecological processes aims to complement or even replace purchased inputs (Malézieux et al. 2009 ). The first step towards such re-design is diagnostic and aims at identifying constraints and possible alternatives in close cooperation with farmers. The diagnosis process and its results provide a richer understanding of farmer realities by the researcher, build trust relations among researcher and farming community, and stimulate coconstruction of changes in systems management (Pretty 1995) . A range of methods has been proposed to understand farmer realities, such as rapid rural appraisals, participatory rural appraisals, agroecosystem analysis (e.g. Röling et al. 2004 ). Tittonell et al. (2008) distinguished on-farm and computer-based methods for analysis of farming systems. The on-farm methods start from a rapid description of the farming systems in terms of agro-ecological and socio-economic components, followed by more detailed subsystems analysis. Models are used to analyze the subsystems from an agro-ecological perspective and to explore options for change.
In this paper we diagnose the extent and causes of the perceived low productivity of maize-based smallholder systems in two communities of the Costa Chica municipality of Tecoanapa. A set of on-farm methods, and social-economic and production ecological surveys were applied and complemented with modelbased calculations. The methods were used to: (a) acquire insight in the diversity of natural resource conditions and the associated management by farm households; (b) identify main production constraints and their causes at field and farm levels.
Materials and methods

General description of the study areas
The municipality of Tecoanapa (16°48 0 N, 7°11 0 W) is located in Costa Chica, a hilly region on Mexico's Pacific coast in the state of Guerrero. The municipality has an area of 777 km 2 and comprises 38 communities situated between 200 and 1,000 m above sea level (masl). Population was 43,128 in 2000 43,128 in (INEGI 2002 . Average annual rainfall in the area is approximately 1,300 mm concentrated between June and October. Maximum and minimum temperatures vary with altitude. In the highest areas (900 masl) temperature range is from 12 to 27°C; in the middle area (300-900 masl) from 15 to 30°C; and in the low areas (less than 300 masl) from 18 to 33°C. (Presidencia Municipal de Tecoanapa, Gro., and Instituto de Investigación Científica Á rea Ciencias Naturales-UAG 2001). Most of the area is covered by forest (63%). Agricultural land use is confined to 14,272 ha, approximately 35% of the total area. Soils in the region are of volcanic origin and predominantly classified as Regosols. Cropping is synchronized with rainfall and limited to one cropping cycle a year as most farmers do not have access to irrigation water and thus do not crop in the dry season.
System diagnosis
The diagnosis comprised of two phases, a rapid system characterization which was followed by a more detailed system characterization. Figure 1 summarizes the two phases and their respective components and methods applied. The rapid system characterization focused on obtaining information from farmers, their household situation and their management systems. Methods used over the course of 1 year included workshops during which also training on technical skills were provided, farm visits and transect walks with the farmers and surveys. The information obtained in the first phase gave elements to set up the detailed system characterization. This second phase aimed to provide insight in agronomic variables at the field level both by measurements and by calculations using models.
Rapid system characterization
After contacts with the Tecoanapa community leadership and farmers two contrasting communities were selected, Las Animas (173 households) and Xalpatlahuac (373 households). Las Animas was generally seen as experiencing more resource degradation than Xalpatlahuac. Also, social structures in the two villages differed, with more social control and cooperation related to natural resource use and management being in place in Xalpatlahuac, where for instance forest protection is organized, than in Las Animas. Both communities were organized in villages. The arable fields could only be reached on foot or horseback, and were dispersed in the surrounding forested area.
Several tools from Participatory Rural Appraisal and the agroecosystems approach (Chambers 1994; Ye et al. 2002) interviews, transect walks were applied to identify and understand systems, their functioning and perceived problems. Information was organized into two aspects:
(1) description of farming systems and their perceived constraints; (2) description of crop production systems and their management. Farmers participating in workshops were asked to: (1) identify and rank major problems they perceived in their farming and cropping systems; (2) describe causes of the stated problems; (3) propose possible solutions to the problems and the actions needed to solve them. Accompanied by local authorities and farmers, three transect walks were carried out in each community to understand the farmer perception of variation in the landscape, the types of soils and the cropping systems in the communities. Following the workshops, 30 farmers were invited to individually participate in a structured survey to characterize farming systems, 14 farmers in Las Animas and 16 in Xalpatlahuac. Criteria to select farmers were their well-connectedness in the community and an interest in thinking about systems redesign. The farm level survey included questions related to: (a) wealth and endowment; (b) production systems and management; (c) perceptions of land use; (d) opportunities for developing local innovations, ranked on a scale ranging from low (0) to moderate (1) and high (2). Results from surveys were organized in three domains: environmental, agronomic, and socio-economic and presented in a radar graph.
Detailed system characterization A total of 8 farmers out of the 30 (4 from each community), previously interviewed, were invited to participate in a detailed system characterization. The farmers were selected to represent local variation in terms of availability of land, cropping and animal systems, cultural practices and socio-economic farming strategies. In a structured survey qualitative and quantitative information was sought on: (a) cropping systems: crop sequences grown and associated cultural practices, seasonal calendars/labour calendars, pest and diseases, inputs; (b) livestock: type of animals, size of herd, feeding during dry and wet seasons, animal health, inputs, manure management; (c) farm economics: commercialization and subsidies.
Each field of the 8 farmers was sampled once before maize harvest in November 2005 to characterize soil fertility and crop productivity. This resulted in 22 sampled fields. During transect walks slope, exposure or soil fertility level as described by the farmer were established. From each field top soil samples (0-20 cm) were taken with a shovel at 20 points per ha. The samples were mixed, and one composite sample per field was sent for analysis. The soil properties analyzed were texture (Bouyoucos hydrometer), pH (1:2 soil:-water), soil organic matter (SOM; wet oxidation Walkley-Black), total N (Kjeldahl-N), P (Bray-1) and K (exchangeable by ammonium acetate at pH 7.0).
In each field, crop and weed aboveground biomass were sampled at 5 random locations at crop physiological maturity. Maize grain yield, roselle calyx yield and crop residues were based on samples of 5 9 1 m 2 and expressed in kg ha -1 after oven drying at 70°C for 24 h, adjusting maize grain moisture to 15.5% which value is used throughout this paper. Weed biomass was sampled on a subarea of 0.40 9 0.50 m 2 in the maize and roselle samples after visually estimating ground cover, and oven-dried at 70°C for 24 h to estimate aboveground biomass dry weight (kg ha -1 ). Plant residues, products (maize grain and roselle calyxes) and weeds were sent to the laboratory to be analyzed for N, P and K content. Total N was analyzed using the semi-micro-Kjeldahl procedure (Bremner 1965) . P and K were analyzed by inductively coupled plasma spectrometry (ICP-AES VARIAN TM Liberty II) (Alcántar and Sandoval 1999) .
To define field distance from homestead three classes were distinguished based on time spent walking: near (10-20 min), mid (between 21 and 40 min) and far (more than 40 min).
Data analysis
Biomass-nutrient relations
The effect of nutrient supply on maize biomass and yield was analyzed in terms of the graphical analysis proposed by Van Keulen (1982) . Total nutrient uptake (N, P and K) was plotted against grain yield. The values of maximum accumulation and maximum dilution of N, P and K proposed by Setiyono et al. (2010) were used as a reference for grains after adjusting to 15.5% moisture content. In case of aboveground biomass (kg DM ha -1 ), the accumulation and dilution lines were estimated according to the values proposed by Nijhof (1987) , using the average harvest index of 0.38 established in the current study.
Nutrient uptake was plotted as a function of N and P application (K was never applied).
Nutrient uptake was related to potential soil supply of N, P and K calculated according to QUEFTS (Quantitative Evaluation of the Fertility of Tropical Soils; Janssen et al. 1990) . In this static model, potential indigenous soil supplies of N (SN), P (SP) and K (SK) on the basis of chemical soil data were estimated according to:
where C represents soil organic carbon (g kg
), assuming 58% C in soil organic matter, N represents total N (g kg ), P represents plant available soil phosphorus measured as P-Bray-1 (mg kg ) and pH is pH (H 2 O). Maximum recovery fractions of applied N and P were 0.5 and 0.1, respectively as suggested by Janssen et al. (1990) .
The QUEFTS model was used to predict maize grain yield both with and without fertilizer application. For this purpose, uptake rates of N, P and K were predicted based on the potential soil supply and fertilizer rates, and estimated nutrient recovery of applied nutrients. From nutrient uptake the yield ranges were estimated as function of the actual uptakes of N, P and K considering maximum accumulation (i.e. the nutrient is not yield-limiting) and maximum dilution (i.e. the nutrient is yield-limiting). In the last step, yield was predicted based on the interactions among the three yield ranges.
Soil erosion
To estimate the annual average soil erosion the Revised Universal Soil Loss Equation (RUSLE) was used, proposed by Renard et al. (1997) :
where A is the average annual soil loss per unit (t ha -1 year -1 ); R is the rainfall erosivity factor (MJ mm ha -1 h -1 year -1 ); K is the soil erodibility factor (t ha h MJ -1 mm -1 ha -1 ) which represents the soil loss rate per erosion index unit for a specific soil. The K factor integrates the effect of rainfall, runoff and soil characteristics such as texture, structure, organic matter content and soil permeability on soil loss; LS is the combination of the slope length (L) and slope steepness (S) (unitless); C is the cover and management factor which estimates the soil loss ratio (SLR). The factor C integrates the effects of crop characteristics, soil cover, and soil disturbing activities on erosion and corresponds to the ratio of soil loss from an area with specified cover and management to soil loss from an identical area in tilled continuous fallow. P is the support practice factor: the ratio of soil loss with a support practice such as contouring or terracing, and soil loss with straight-row farming up and down the slope. The model is empirical. Here we describe adaptations to the model variables R, LS, C and P based on use of local data sources. The variable K was used as described by Renard et al. (1997) , using expert opinion to determine the soil structure code.
Rainfall erosivity factor (R) In the original model, rainfall erosivity R was estimated using EI 30 , the product of total storm energy (E) and the maximum 30 min intensity (I 30 ). Since these data were not available for our study area, we estimated R from measured annual rainfall (mm). The estimation is based on work by Figueroa et al. (1991) who calculated R for 14 different regions in Mexico using data on annual amounts of precipitation and intensity values from 53 climate stations distributed around the country. The equation for our study area was:
where x represents measured annual rainfall (mm).
Slope length and steepness factors (LS)
The LS factor represents erodibility due to combination of slope length (L) and steepness (S) relative to a standard unit plot. Slope length (L) was calculated using the original equation (Renard et al. 1997) :
where L is slope length factor normalized to 22.1 m (unit plot length); k is slope length; and m is a parameter. According to Liu et al. (2000) , m = 0.5 is Nutr Cycl Agroecosyst (2011) 91:185-205 189 appropriate for steep slopes, such as in the study area where the average slope was 27%. To estimate steepness (S) the equation proposed by Nearing (1997) for steep slopes was used. The equation takes the form of a logistic function. It is based on the RUSLE relationships for slopes up to 22%, and was found to also fit data for slopes greater than those from which the RUSLE relationships were derived:
where h is the slope angle.
Cover management factor (C) The cover management factor reflects the effect of cropping and management practices on erosion rates. Factor C is calculated using the following equation (Renard et al. 1997) :
where SLR i is the loss soil ratio during a time interval i of 15 days. The soil loss ratio describes the ratio of soil loss under actual conditions and losses experienced under reference conditions. EI 30i is the fraction of the yearly rainfall erosivity (R) occurring during the same period of time that SLR i is calculated. Since only monthly rainfall data were available, EI 30i and SLR i were estimated for monthly time intervals using data from Figueroa et al. (1991) for Mexican conditions and no-tillage cropping systems with 30% residue retention.
Support practice factor (P)
The support practice factor (P) is the ratio of soil loss with a specific support practice to the corresponding loss with upslope and down slope tillage. As in the study area no soil conservation practices are used to control erosion, P was assumed to have a value of 1.
Nutrient and OM balances at farm level
Plant nutrient (N, P, K) and organic matter (OM) balances at farm level were estimated based on quantitative estimates of the nutrient flows within the farm and across farm boundaries. The group of farms selected consisted of 1-4 fields located at 10 to more than 40 min walking distance from the homestead. For the estimation of farm level nutrient balances, the fields were pooled weighted by area. The Farm DESIGN model, a static balance model, was used to estimate flows of OM, N, P and K (Groot and Oomen 2011) between four main components; crops, animals, soil and manure. The crop component comprised the farm's land use systems, i.e. maize and roselle as monocrop, and/or maize-roselle intercrop, as well as the land use system products, i.e. maize grain, maize residues, roselle calyx, roselle residues, and weeds. The products were characterized in terms of observed yield and N, P, K contents, ash contents (Mitra and Shanker 1957; Burgess et al. 2002; Colunga et al. 2005; Harrington et al. 2006) , effective organic matter (EOM) and feed value. EOM was defined as the organic matter remaining from crop residues 1 year after application. Four indicators of feed value were taken into account and derived from the literature; feed saturation value, feed structure value, energy content (in VEM; Dutch net energy for lactation) and crude protein content (Mourits et al. 2000; CVB 2008) . Land use system products had one or several destinations: soil (crop residues and weeds left on the field), animals (crop residues and weeds fed to animals), home use (consumption by the farm family) and market. The animal component included cows and goats. Numbers of each animal type and average weight (450 kg per cow, 75 kg per goat) were specified. Feed balances and manure produced by animals were estimated for the part of the dry season that the animals were around the homestead. When local parameters were not available, standard values were taken based on expertise. Soil properties included in the model were bulk density, texture, pH (H 2 O), soil organic matter content, and soil-N, -P and -K. Since only measurements of soil OM content were available for the 0-20 cm layer, we assumed that under the existing conditions of no-tillage, topsoil OM content was twice that of the subsoil (up to 40 cm). This resulted in a lower overall SOM content than found in the top 20 cm as has been reported for no till systems (e.g. West and Post 2002) . In the manure component of the model, imported fertilizers with their nutrient contents and applied amounts were specified, along with the calculated amounts of manure produced by cattle around the homestead and losses in OM and N resulting from storage in loose heaps. Details are provided in Groot and Oomen (2011) . Here, we provide more details on the OM balance calculations in which adjustments to local conditions were made.
In the organic matter balance five different input and output processes were distinguished: net accumulation of root crop residues, aboveground crop residues and manure (residues and manure corrected for degradation during the year of production), soil OM decomposition, and erosion. The balance was calculated as the difference between input and output.
The net accumulation of root and aboveground crop residues was quantified as the amount of organic matter remaining 1 year after application (EOM) in the field (Groot and Oomen 2011) . Root biomass was estimated as 15% of total crop biomass (Rodríguez 1993). The mono-component model of Yang and Janssen (2000) was used to predict EOM from the amount of roots per field and parameters calibrated on litterbag experiments in farmers' fields (FloresSanchez, unpublished data).
Of the aboveground crop residues of maize and weeds, 30% were assumed to remain in the field where they were produced, the remainder being taken up by animals. In case of farm owned animals, the resulting manure was assumed to stay within the farm. If the farm did not own animals, roaming animals were assumed to export the organic matter from the farm system. Roselle residues were assumed to be not suitable for animal consumption and remained in the field. Similarly, no export was assumed from fenced fields.
Degradation of soil organic matter in field c, DOM c (Mg year -1 ), was calculated as
where A c is the area of field c (ha), d is soil depth (m), BD (Mg m -3 ) is bulk density of the soil, AOM c is the active OM in field c (%), k is the annual rate of SOM decomposition (% year -1 ) and 10 -4 balances the units. AOM c was estimated as the difference between the measured total SOM percentage and the minimum SOM percentage, estimated as function of soil texture according to the equation proposed by Rühlmann (1999) assuming 58% C in SOM:
where C min is the minimum content of organic C (%) and B is clay and silt content (%). Bulk density was assumed to be 1.3 Mg m -3 , depth of the soil was taken from field measurements and degradation rate k was estimated from data of Grace et al. (2002) for no-tillage conditions in long term trials at CIMMYT, central Mexico.
Erosion was considered a cause of organic matter and plant nutrient losses. Loss rates were calculated using RUSLE estimates of soil loss, multiplied by OM, N, P or K fractions as established in the field survey.
Statistical analysis
A nested statistical analysis based on the residual maximum likelihood method was used to elucidate the effect of community, farmer and field on economic yield and total biomass observations. Residual maximum likelihood (REML) allows fitting models in which each observation is expressed additively in terms of fixed and random effects (Clarke 1996) . The method can cope with unbalanced designs, as is the case in this study where the number of fields per farmer and the number of farmers per community differ. The REML method was applied iteratively, first including community as fixed term and farmer and fields as random terms, then including the combination community-farmer as fixed and fields as random, and finally testing all three as (nested) fixed terms. The analysis was programmed in Genstat 5. The statistical significance of fixed terms as they were added to the model was evaluated by comparing the Wald test statistic with critical values of F test (P \ 0.05).
The soil properties were subjected to analyses of variance using SAS Version 9.1 to test the difference between communities, and to test the effect of the distance from the homestead. Means separation was performed when the F test indicated significant (P \ 0.05) differences between communities and among distance from homestead (Turkey's studentized range HSD test).
Results
Rapid system characterization
The farming systems in both communities were organized in small production units, land holdings ranging from 1.5 to 9 hectares and numbers of fields varying from 1 to 5 per farm. The cropping pattern was dominated by maize, which was generally cultivated for self consumption. Both cobs and grains were stored to satisfy the families' needs. Maize was mainly intercropped with roselle, squash (Cucurbita pepo L.) and beans (Phaseolus vulgaris L.), although maize and roselle were also grown as monocrops. The main cash crop was roselle. Squash traditionally was cultivated for self consumption, but was increasingly cultivated for seeds and had become an important source of income. Domestic prices for these crops were stagnant or declining as a result of decreased levels of domestic market protection in NAFTA.
The main objective of keeping animals was to build a cash resource. Donkeys, horses and mules were present on 63% of the farms (on average two per farm). They were used for transport of materials to and from the fields and in rare cases used for traction. Pigs and poultry (chickens, turkeys) were kept for domestic consumption on 50% of farms, on average five pigs per farm. Goats and cows were owned by 30 and 20% of the farms, respectively, with an average density for each type of 8 animals per farm. These animals were kept as capital and only sold in case of urgent need of cash. Calving patterns were irregular. Donkeys, goats and cows were fed through cut-and-carry foraging around the farmstead during the growing season and by roaming-grazing unfenced fields in the area which during the dry season are considered communal lands.
Farmers in both communities faced diverse environmental, technical and socio-economic constraints; however, four main problems were indicated by farmers (Table 1) . Low soil fertility was the major concern of the farmers, which they attributed to abandonment of fallowing resulting in continuous maize cultivation. The main means to maintain soil fertility and crop nutrition were chemical fertilizers which were widely used, promoted by municipal government subsidies. Farmers paid 25% of the cost of a package containing 4 bags (of 50 kg) ammonium sulphate (21-00-00 N-P-K) and 3 bags di-ammonium phosphate (18-46-00 N-P-K), equivalent to 69 kg N and 30 kg P, meant for 2 ha. As most farmers owned more than 2 ha, farmers rationed amounts or bought extra fertilizer. Applications were made on the soil surface around the planting hole at sowing and around the plant base before tasseling. Organic matter, if applied, originated from manure of own animals and from crop residues.
Low yields, mentioned as another key problem were attributed to reliance on chemical fertilizers as the only source of plant nutrients, which according to the farmers made soils tired and 'scrawny'. Paraquat was the most common herbicide used by over 80% of the farmers. Herbicide use varied from 1 to 9 L ha -1 , while recommended rates were 2 L ha -1 . Few farmers used hand weeding to complement herbicide applications. Fertilizers and herbicides constituted the main production costs. Limited and monopolized commercialization channels put pressure on revenues and gross margins.
Other concerns indicated by farmers were the insecurity of food availability, the high dependency of inputs, soil erosion and the need to improve the quality of the roselle product to meet market standards. During workshops, high incidences of weeds, loss of biodiversity, low water retention capacity of the soil, increased incidences of pests in maize and the strong migration of youths to the USA were mentioned Inputs are expensive, and they have to be purchased in the market. Labor is expensive due to migration.
Training programs about efficient use of input and dissemination of low input technologies.
Few commercialization channels and low prices of products (5) Lack of plans and infrastructure for marketing. Local monopolistic intermediaries.
Stimulate farmer organizations together with the municipality to search for alternative ways of marketing.
a Number of farmers stating the issue as problems. In addition to causes, farmers suggested alternatives as described in Table 1 , a number of which they were eager to pursue. Figure 2 summarizes the qualitative indicators and shows that differences between the two communities are small. Compared to Las Animas, farmers in Xalpathlahuac had more fields in fallow, practiced more no-till and used less manure. Some indicators can explain the problems indicated by farmers. Low soil fertility and yields, and productions costs could be linked to the absence of crop rotation, low use of manure, unbalanced nutrient supply (mainly N and P), and high input dependence.
Detailed system characterization
Soil properties
The texture of the majority of the fields was sandy loam (Table 2) . Values for soil nutrient levels were low and pH indicated acidity. Soil organic matter and total soil N were significantly higher in Xalpathlahuac than in Las Animas (P \ 0.05). Of the 22 fields, 7 were near, 5 were at mid distance and 10 were far from the homestead. Differences in soil chemical parameters and SOM were not significantly related to distance from the homestead.
Nutrient supply and crop uptake
Large ranges in N and P fertilization rates were observed and farmers generally over-applied N and under-applied P when compared to recommendations (Fig. 3) . No statistically significant relation was found between N application rates and N uptake in the combined biomass of maize, roselle and weeds (Fig. 3a) , whereas for P only a very small response of uptake to application (0.17 kg/kg; P \ 0.05) was observed (Fig. 3b) .
Relationships between potential nutrient supply from soil and fertilizers and nutrient uptake rates by total plant aerial biomass (of maize, roselle and weeds jointly) are presented in Fig. 4a-c , and by the maize component only in Fig. 4 -f. The potential nutrient supply was calculated from soil supply (SN, SP and SK) and fertilizer application rates were corrected for the maximum recovery proposed in QUEFTS. N and K uptake was lower than the calculated potential supply, but uptake of P exceeded calculated potential supply. The underestimation of P supply may be due to underestimation of residual P release following years of application (van Reuler and Janssen 1996) . K supply presented less variation than the N and P supply. Most of the values were concentrated 
Nutrient uptake and crop yield
Nutrient uptake and yields of maize and roselle are presented in Table 3 . Average aboveground biomass (A) (B) Fig. 3 Relationship between stated application rates and measured total uptake of N (a) and P (b) by maize, roselle and weeds in different farmers' fields. Dotted lines indicate application rates recommended by the government. The solid line in B represents the relation between P application and uptake (Y = 11.0 ? 0.17 X; r adj 2 = 0.24; P = 0.0213); for N no significant relation was found of maize in the fields ranged from 1,837 to 7,660 kg ha -1 , and grain yield from 763 to 3,057 kg ha -1 . Harvest index averaged over all fields was 0.38. Maize biomass and grain yield were not significantly different between communities or farmers within communities, but significant differences were found among fields of farmers (P \ 0.05).
The total uptake of nutrients by maize ranged from 11 to 44 kg N ha -1 , 2 to 11 kg P ha -1 and 11 to 27 kg K ha -1 (Table 3 ). Similar to biomass and yield, nutrient uptake was significantly different among fields of farmers, but not between farmers or communities (P \ 0.05).
Relationships between aboveground biomass, grain yield and N, P and K uptake are presented in Fig. 5 . Upper and lower boundary lines indicate the theoretical maximum dilution and accumulation of each nutrient derived from QUEFTS. Observed values for N in maize grains and aboveground biomass were scattered around the maximum dilution line. The same applied to K, although with a larger scatter. This indicated relative shortages for N and K. In case of P, values for grain were close to the maximum accumulation line, while values for aboveground biomass were clustered around a line halfway the envelope suggesting optimal P-levels (Janssen and de Willigen 2006). Yields and above-ground biomass of maize did not show any signs of flattening off with increasing nutrient uptake, and regression analysis showed that a quadratic component was never significant for the relation between uptake and biomass production. This suggests that resource use was still in the lower, linear part of the response curve, thus well below attainable yield (de Wit 1992) . Roselle biomass varied between 0.01 and 5.55 Mg ha -1 , with calyx yields varying between 2 and 467 kg ha -1 . Harvest index averaged over all fields was 0.13. Nutrient uptake was very variable (Table 3 ) due to variation in plant density (3,200-86,000 per ha) which was the result of irregular sowing, incidence of pests and mono-versus mixed cropping systems.
Crop residues left on the field immediately after harvest amounted to an average 2.9 Mg ha -1 for maize, 1.1 Mg ha -1 for roselle and 1.1 Mg ha -1 for weeds. On average 34% of N, 40% of P and 16% K taken up in plant biomass were exported from the field in grain and calyxes. N uptake by weeds was on average 38% of total uptake, and about 56% of N remaining in the fields was captured in weeds. Thus, Predicted yield based on potential soil nutrient supply Figure 6 shows the relation between measured maize grain yield and maximum attainable grain yield calculated by QUEFTS for unfertilized crops as well as based on the recorded rates of application of NPK fertilizers and the maximum recovery of nutrients for all fields in the two communities. Measured maize grain yield in both communities was on average 1973 kg ha -1 . Based on the default maximum recovery fractions of 0.5 for N and 0.1 for P, maximum attainable yield according to QUEFTS was 3398 kg ha
-1 (open symbols in Fig. 6 ). RMSE in this case was 1578 kg ha -1 . An average yield of about 1503 kg ha -1 would have been attainable under unfertilized conditions (closed symbols in Fig. 6) , with an RMSE of 865 kg ha -1 . Thus, average grain yield was only 60% of the maximum attainable yields and nutrient recoveries were Nijhof (1987) and Setiyono et al. (2010) variable and considerably lower than the proposed maximum values.
Soil erosion
Average amount of crop residue at the start of the rainy season was 2.7 Mg ha -1 . Figueroa et al. (1991) provide data for 3 Mg ha -1 . Using their data and assuming 30% soil cover resulted in soil erosion estimates varying from 2 to 73 Mg ha -1 year -1 (Table 4) . Average estimated erosion was significantly higher in Las Animas (A) than in Xalpatlahuac (X) (t test, P \ 0.05). Classification of the predicted erosion according to the classes proposed by SEMAR-NAT and UACH (2002) showed moderate erosion (10-50 Mg ha -1 year -1 ) in 73% of the fields, severe erosion ([50 Mg ha -1 year -1 ) in 14%, and very slight soil erosion (0-5 Mg ha -1 year -1 ) in another 14%. Erosion rates were not correlated with the yield gap calculated in Fig. 6 (data not shown) .
Nutrient and OM balances at farm level
The 8 farms analyzed with Farm DESIGN (Table 5 ) varied in area from 1.0 to 4.2 ha, with one to four fields per farm. The main cropping system was maize with roselle as intercrop. On four farms maize was grown as monocrop, roselle only occurred once as monocrop. Total aboveground biomass production ranged between 4,520 and 7,644 kg ha -1 . The sample included four farms with animals; cows and goats in different combinations. Average soil erosion at farm level varied between 13 and 48 Mg ha -1 year -1 . Nutrient inputs were fully based on chemical fertilizers and varied from 73 to 131 kg ha -1 for N and from 0 to 28 kg ha -1 for P on average (Table 5) . Outputs with maize grains and roselle calyces ranged from 15 to 64 kg ha -1 for N, 4 to 14 kg ha -1 for P, and 4 to 30 kg ha -1 for K. Estimated nutrient losses by erosion varied greatly due to the varying slopes of the fields, but were for N on some farms as high as the amount of N exported in products. The balances showed an average surplus of 58 kg ha -1 for N, 5 kg ha -1 for P and -19 kg ha -1 for K. Efficiencies Grain yield estimated (kg ha -1 ) Grain yield measured (kg ha -1 ) Fig. 6 Relationship between grain yield measured and grain yield estimated using QUEFTS, assuming no fertilizer input (filled circle), and maximum attainable yield based on maximum recovery of nutrients in fertilizers at application rates stated by farmers (open circle). Grain yield was adjusted to 15.5% moisture of N and P use (Table 5) were 0.12 and 0.51 on average. Animals on the farm did not lead to higher than average nutrient use efficiencies except in one case (farm A2). OM inputs (173-1,024 kg ha -1 ) and outputs (329-1,054 kg ha -1 ) varied widely among farms (Table 6 ). High inputs were associated with manure production and high plant biomass production. High outputs were associated with erosion. Manure was an important source of OM on farms owning animals, representing 58% of OM inputs on average. The OM losses due to soil erosion were on average 66% of total losses. Balances varied around 0 kg ha -1 as can be expected for these systems where practices were maintained over at least two decades.
Discussion
Field and farm diagnosis
Smallholder farming systems in a poor region of Mexico were diagnosed using a combination of qualitative and quantitative methods that did not require important financial resources. Rapid system characterization showed that farmers face social, economic and agronomic constraints which influenced the current farming activities in the two communities in a similar way. Farming systems are strongly influenced by the external rural environment, including policies and institutions, markets and information linkages (Dixon et al. 2001 ). Main problems perceived by farmers were low soil fertility, low yields, high production cost and limited commercialization channels, and low prices of products.
The detailed systems diagnosis on 8 farms concentrated on the agronomic aspects and produced quantitative results. These corroborated the concerns of the farmers about low soil fertility and low yield levels, and demonstrated that N and P uptake in maize were not correlated with chemical fertilizer application rates and soil supply (Fig. 4) or with yield (not shown). Analyses with the QUEFTS model indicated that grain yield estimates were considerably lower than the attainable yield at the applied fertilizer rates, due the low nutrient recovery (Fig. 6) , suggesting major resource use inefficiencies. The model assumes that fertilizer recovery is 0.50 and 0.10 for N and P, respectively. Under practical conditions, these values easily could have been lower because farmers left the applied fertilizers on the soil surface. This practice in combination with cultivation on steep slopes makes the fertilizers prone to losses due to run off, reducing both fertilizer recovery and efficiency. The nutrient use inefficiencies are at least partly attributable to imbalances between macro-nutrients leading to constraints in yield due to limited availability in the maize crop of N and K while P was taken up in relative excess (Fig. 5) . Visual observations of easily dislodged maize plants, poor cob formation and grain fill support the diagnosis of low K (Lopez and Vlek 2006) . Poor nutrient interception by the roots may be another reason for the low N and K uptake (Fig. 4) . Ball-Coelho et al. (1998) found more lateral and superficial distribution of maize roots under systems with no tillage such as the fields of our study area. This type of root development is beneficial for intercepting surface-applied fertilizers but unhelpful for intercepting nutrients that are leached deeper in the soil profile (Ball-Coelho et al. 1998) . On the sandy soils in the area with low SOM contents both N and K are prone to leaching losses (Benton 2003; Ball-Coelho et al. 1998 ), contributing to further N and K deficits. These losses may also explain the difference between calculated potential K supply and measured K uptake, especially at high potential K supply rates (Fig. 4) . Minjian et al. (2007) reported trends in China similar to the ones in our study, where unilateral emphasis on N and P fertilizers and declining OM inputs have led to widespread K deficiencies. The absence of K in subsidized fertilizer packages apparently prompted farmers to leave out K from their fertilizing strategies altogether. Currently, crop residues and soil stocks are the only sources of K. Field experiments with application of K fertilizer are needed to confirm the indications from this study.
Low soil pH was common in the sampled farmers' fields. It is well documented that soil acidity limits plant growth, nutrient uptake and yields due to low availability of nutrients (Granados et al. 1993; Baligar et al. 1997) . Under acid soil conditions ammonification is largely carried out by fungi, and nitrification by bacteria is suppressed. The assimilated N flows into the pool of soil biota (Mengel 1996) , thus reducing its availability to plants (Hodge et al. 2000) . Liming is not a feasible option to raise soil pH, due to lack of availability in the region, and costs of transportation and application to the fields. Application of organic matter and animal manure may offer an opportunity as they are known to increase soil pH over time (Ouédraogo et al. 2001; Eghball 2002; Eghball et al. 2004) .
Another major cause of inefficiency was the large biomass of weeds which took up on average 40% of the total amount of N, 29% of P and 44% of K (Table 3 ; Fig. 5 ). Weeds thrived despite high inputs of herbicides, at rates of four times and even higher than those recommended. These results showed that attention should be given to the efficacy of weed control as well as that of fertilizers. Also at the farm level (Table 5 ; Fig. 3) , the results clearly indicate that purchased inputs had very low efficiencies. Based on actual inputs (Fig. 3) efficiencies were nil for N and 0.17 for P. Efficiencies estimated with a whole-farm model (Table 5 ) were higher; 0.12 for N and 0.51 for P, possibly due to underestimated erosion losses and lack of information on export of animal products. Farm nutrient use efficiency was not related to presence of animals that could contribute to better cycling of organic matter and nutrients on the farm by utilizing crop residues. This aspect requires further investigation, as data on where the animals were kept, how they were fed and how manure was collected and stored were based on interviews and expert opinion. However, manure input on farms with animals was an important source of organic matter, amounting to on average 50% of OM recycling on the farm and on average 13, 3 and 16 kg ha -1 of N, P and K. Manure thus has potential as soil improving factor (Dogliotti et al. 2006; ). However, this study confirmed other studies with smallholders in tropical areas that revealed that available manure did not match nutrient needs to sustain crop production (Tittonell et al. 2009; Rufino et al. 2010) . We calculated that at the current production levels, the animals can only be fed for 105-130 days (data not shown). Giving attention to producing feed for the animals may provide additional sources of manure as well as income. This would require further elaboration in the region.
Estimated organic matter balances showed that the systems were close to equilibrium. Absolute levels of soil organic matter were generally close to those estimated using the relation proposed by Ruhlmann (1999) for minimum level of SOM (data not shown), suggesting that clearly positive OM balances would be desirable to enhance soil functioning. Higher crop yields are an effective way of increasing organic matter inputs through crop residues and roots. These additions may be further enhanced by growing leguminous intercrops which do not interfere with maize and roselle production in a negative way. Farmers stated that the soil is 'tired' and it is impossible to get yields without fertilizers. Fallowing to recover soil fertility was a common practice some 30 years ago but has been abandoned coinciding with artificial fertilizer availability and shortage of land. Currently, fallowing does not seem feasible in view of the small farm sizes, low production levels and household needs.
Soil erosion estimates classified the majority of fields as having moderate erosion (10-50 Mg ha -1 -year -1 ) which corresponds to the main class of erosion present in 37% of the land of the state of Guerrero (SEMARNAT and UACH 2002) . Farmers voiced concerns over erosion, but saw this as part of the problem of low yields and loss of soil fertility. Land scarcity forced the farmers to practice agriculture on extremely steep slopes; the average slope in the sampled fields was 27%. It has been demonstrated that residue retention provides protection from raindrop impact, and causes an increase in soil roughness reducing the runoff flow velocity and flow transport capacity. This also limits evaporation and is thereby increasing the amount of water available for plant uptake (Gilley et al. 1987; Fowler and Rockstrom 2001; Hartkamp 2002; Tiscareño et al. 2004) . As a rule of thumb, 30% ground cover is recommended by various authors (Lal, 1976; Uri and Lewis 1999; Scopel et al. 2004; Tiscareño et al. 2004 ). More knowledge on the relation between ground cover and erosion is needed to understand the trade-off between crop residues for animal feed and for soil protection. Additionally, the feasibility of control measures such as terracing and strip cropping to prevent the runoff of water and erosion should be evaluated and integrated as part of the sustainable management and conservation of the resources (Sanders 2004; Kuypers et al. 2005) .
Calculated erosion rates were higher than the tolerable soil loss limit proposed in the USA for 86% of the fields (11.2 Mg ha -1 year -1 ) (El-Swaify et al. 1982 ). High erosion rates were particularly due to high slope-length (LS). Although threshold values may vary depending on type of soil and specific agroecological conditions (Skidmore 1982; Jha et al. 2009; Li et al. 2009 ), values in the area are cause for concern.
Contrary to expectation, differences in social organization between the two communities did not impact on any of the quantitative variables on nutrient use efficiency and crop yields. Also, differences between farms were not significant. In contrast, fields within farms and communities differed significantly, suggesting that field specific approaches are needed to understand and improve production conditions.
Methodology
The methodology mobilized in this study relied as much as possible on observations and measurements that could be performed without sophisticated analytical equipment and that were supported by modelbased calculations. Important model-based calculations included soil erosion using RUSLE, soil production potentials using QUEFTS, and balances of soil organic matter and animal feed rations using Farm DESIGN. As much as possible information from similar Mexican production conditions was used, and conclusions from observations were used to crosscheck model-based results. QUEFTS requires validation of potential grain yield of local criollo varieties, recovery fractions and the integration of soil erosion. More detailed information on the animal component, e.g. feeding regimes, amount of time spending around the farm, manure collection systems, use of manure, would have increased the accuracy of calculations. Particularly for crop nutrient use efficiencies it was possible to obtain a consistent set of results using both measurements and models. Results on erosion and soil organic matter balances were based on modeling only, but resulted in estimates which for erosion were recognizable in the region, and for organic matter were plausible given the cropping history. Particularly for erosion, more detailed observations on the fate of crop residues in the course of the dry period, with and without animal exclusion would provide more information to support both erosion and organic matter balance calculations.
Policy implications
Price support of chemical fertilizers as a policy to maintain crop nutrition and improve yields has not been effective due to lack of balance in nutrient contents and the acidifying potential of the fertilizers (e.g. ammonium sulphate) (Akinrinde 2006) in the subsidized fertilizer packages. During the time of the study, only a single fertilizer subsidy package existed, which resulted in 75% price subsidy for 69 kg N and 30 kg P, meant for two ha. Farmer application rates showed that P application rates were well below those suggested in the subsidy package, while N application rates always exceeded the subsidized 69 kg ha -1 for maize (Table 3) . K content in biomass (Table 2) and potential soil K supply (Fig. 4) revealed K shortage on most of the fields. The lack of attention for K in the subsidies clearly was not compensated by purchase of K. The subsidy scheme thus seems a clear case where the existing institutional environment has a major impact on resource use efficiencies. Without additional K input, low nutrient efficiencies will continue to exist for applied N and P, along with low yields. The study suggests that a local integrated nutrient management policy is necessary to improve current crop nutrition, maintain or increase yields and enhance the soil fertility.
In agreement with farmers' demands (Table 1 ) alternative nutrient management strategies could be based on combining chemical and organic fertilizers. Composts as organic amendment will help to remedy the low soil pH in the longer term and are a feasible option in the municipality with the advent of a composting facility. Experiments are needed to evaluate the short-term effect of compost on biomass accumulation and yield. Finally, the strategy also needs to include increasing nutrient use efficiencies through improvements in weed control and cultivar choice. Well-structured experimentation by farmers and researchers may help to find locally adapted solutions.
Although implementation of OM input intensive systems faces the challenge of remote fields with only access on foot or horseback, such systems could be expected to show yield increases even in the short term (see e.g. Scholberg et al. 2010a, b) due to more balanced supply of nutrients and infiltration of water. Such change should be accompanied by other soil erosion measures as erosion constituted an important loss term in the OM balance. Production on the steepest slopes could be reconsidered, along with more attention for retaining soil cover. The latter needs to consider the communal land traditions, which cause cattle to strongly reduce soil cover by crop residues remaining at the start of the next rainy season .
Aiming for an ecological intensification of cropping systems in Costa Chica is necessary to improve nutrient use efficiency. It implies promotion of integrated crop management that includes integration of organic and chemical sources of nutrients, multifunctional crops and crop residues management. These strategies can potentially enhance soil properties, conserve the resource base, reduce the reliance on external inputs, maintain crop yields, and minimize impact on the environment (Doran 2002) .
